Background: Low back pain (LBP) is the leading global cause of disability and is associated with intervertebral disc degeneration (DD) in some individuals. However, many adults have DD without LBP. Understanding why DD is painful in some and not others may unmask novel therapies for chronic LBP. The objectives of this study were to a) identify factors in human cerebrospinal fluid (CSF) associated with chronic LBP and b) examine their therapeutic utility in a proof-of-concept pre-clinical study. Methods: Pain-free human subjects without DD, pain-free human subjects with DD, and patients with chronic LBP linked to DD were recruited and lumbar MRIs, pain and disability levels were obtained. CSF was collected and analyzed by multiplex cytokine assay. Interleukin-8 (IL-8) expression was confirmed by ELISA in CSF and in intervertebral discs. The SPARC-null mouse model of progressive, age-dependent DD and chronic LBP was used for pre-clinical validation. Male SPARC-null and control mice received systemic Reparixin, a CXCR1/2 (receptors for IL-8 and murine analogues) inhibitor, for 8 weeks. Behavioral signs of axial discomfort and radiating pain were assessed. Following completion of the study, discs were excised and cultured, and conditioned media was evaluated with a protein array. Findings: IL-8 was elevated in CSF of chronic LBP patients with DD compared to pain-free subjects with or without DD. Chronic inhibition with reparixin alleviated low back pain behaviors and attenuated disc inflammation in SPARC-null mice. Interpretation: These studies suggest that the IL-8 signaling pathway is a viable therapy for chronic LBP. Fund: Supported by NIH, MMF, CIHR and FRQS.
Introduction
Chronic pain is debilitating, difficult to treat, and often due to unknown causes. In the US alone, pain is estimated to impact at least 100 million adults, costing $560-635 billion annually [1] . Globally, low back pain (LBP) is the single largest source of years lived with disability [2] . Therapeutic interventions are either ineffective, offer only low to moderate benefits that are generally short-term or are associated with undesired side-effects, and many patients who undergo invasive spinal surgery often continue to have pain [3] [4] [5] . Despite enormous efforts, significant advances in pain management continue to be elusive. The urgency of this unmet medical need is amplified by concerns regarding the current opioid crisis. Long term opioid usage for chronic pain management has numerous deleterious effects, thus new non-opioid approaches for the treatment of pain are desperately needed.
Chronic LBP is associated with intervertebral disc degeneration (DD) and inflammation in some individuals [6] . However, the degree of disc degeneration is a poor predictor of pain intensity, and the overall relationship between DD and LBP are weak. This may be due to many factors, including a high rate of asymptomatic (i.e. pain free) disc degeneration in adults [7] . Understanding why chronic LBP is present in some individuals with DD and not others may unmask novel therapies for chronic LBP associated with DD.
The disconnect between LBP and DD could be related to biochemical differences between painful and non-painful degenerating discs, specific structural defects (e.g. Schmorl's nodes) and other risk factors (e.g. psychosocial, environmental, genetic) that influence an individual's susceptibility to chronic pain. As intervertebral discs degenerate, the extracellular matrix of the disc begins to break down, resulting in loss of disc height and biomechanical function [8, 9] . In addition, the production of pro-inflammatory cytokines, such as Interleukin-1β (IL-1β) and Tumor Necrosis Factor-α (TNFα), and pro-nociceptive neurotrophins, such as Nerve Growth Factor (NGF), increase in degenerating discs [10] [11] [12] [13] . Positive feedback pathways further amplify the degradative and inflammatory processes [14] [15] [16] [17] . While cytokines and neurotropins are linked to the DD and LBP in humans [18] , many studies are limited to comparisons between surgical samples from LBP patients with DD vs. discs from organ donors or between surgical samples for LBP patients with DD vs. radiculopathy and disc herniation [19] ; inclusion of pain-free subjects with DD is needed to determine what additional factors drive discogenic LBP.
Examining the composition of cerebral spinal fluid (CSF) allows for comparison to pain-free individuals with and without DD. Unlike disc tissue, CSF can be collected from pain-free participants that have been diagnosed with DD by magnetic resonance imaging (MRI). CSF from the spinal canal is in proximity to intervertebral discs and differences in CSF composition between LBP and control subjects have been previously identified [20] [21] [22] [23] [24] , indicating the validity of this approach. For example, using this strategy, we have previously reported an elevation of nerve injury-associated markers in CSF of chronic LBP patients [25] . The identification of potential pain mediators that are differentially expressed in DD-related chronic LBP compared to asymptomatic disc degeneration could provide insights into the pathogenesis of painful disc degeneration.
The goals of the current study were to unmask clinically-relevant new therapeutic avenues for chronic LBP and to provide supporting proof-of-concept pre-clinical data. To accomplish these goals, we first screened for differences in inflammatory mediators in the CSF of individuals with DD and chronic LBP (+DD, +LBP), compared to pain-free subjects with (+DD, -LBP) or without (−DD, -LBP) lumbar disc degeneration using a high-throughput protein screen. IL-8 was identified as being selectively upregulated in subjects with LBP and DD compared to pain-free volunteers with degenerating or non-degenerating discs. We then investigated the potential therapeutic value of inhibiting IL-8 signaling pathways in the SPARC-null mouse model of progressive, disc degeneration-associated chronic back pain [26, 27] .
Methods

Human studies
Overview
Pain-free participants and patients with chronic LBP associated with intervertebral DD scheduled for spinal fusion surgery were recruited between March 2006 and August 2008.
Exclusion criteria for all participants included complicating medical factors such as previous spine surgery, pregnancy, lactation, meningitis, hepatitis, scoliosis, osteoporosis, neuropathies, and neurological conditions (e.g. psychosis, dementia, Parkinson's, etc.). Cerebrospinal fluid and degenerating, painful IVDs (from surgical patients) were obtained. Questionnaires, physical examination and CSF collection were performed in a single visit to the University of Minnesota General Clinical Research Center. Lumbar MRIs were collected at the Fairview University Medical Center or the Twin Cities Spine Center.
Control, non-degenerating human lumbar IVDs lacking signs of degeneration were harvested from human organ donors via collaboration with Transplant Quebec.
All procedures were approved by the Institutional Review Boards of the University of Minnesota (Protocol #0407 M62061), Allina Health Hospitals & Clinics (Protocol #1885). Informed consent was obtained from each subject. Procedures involving discs from organ donors were approved by and performed in accordance with the Institutional Review Board of McGill University (IRB#s A04-M53-08B and A10-M113-13B).
Research in context
Evidence before this study Chronic low back pain is the leading cause of disability worldwide. While intervertebral disc degeneration contributes to chronic low back pain in some individuals, many adults with disc degeneration do not have chronic low back pain. The reasons why disc degeneration is painful in some and not others are not understood. We and others have previously reported altered protein levels in the cerebral spinal fluid of individuals with chronic low back pain and/or disc degeneration compared to healthy subjects, indicating that differences associated with disc degeneration and pain are reflected in cerebrospinal fluid. Identification of these pain-generating or protective factors could reveal novel therapies for chronic back pain.
Added value of this study
Interleukin-8 (IL-8) is increased in the spinal fluid of individuals with disc degeneration and chronic low back pain compared to individuals with disc degeneration and no pain and individuals with no disc degeneration and no pain. IL-8 is also elevated in degenerating disc tissue compared to non-degenerating disc tissue. Blocking IL-8 receptor signaling in a mouse model of disc degeneration and pain reduces behavioral signs of back pain and biochemical signs of disc degeneration. These data suggest that IL-8 is increased in individuals with painful disc degeneration and that IL-8 signaling may play an important role in chronic low back pain.
Implications of all the available evidence
There is increasing rationale to explore therapeutic strategies that target IL-8 signaling to manage chronic low back pain associated with disc degeneration.
Consent for use of tissue for research was obtained from next of kin. CSF collection, MRI scoring, and all biochemical analyses were performed by individual's blind to experimental group. Fig. 1 provides an overview of all participants. Descriptive statistics are shown in Tables 1 and 2 .
Participants with low back pain and disc degeneration (+DD + LBP)
Subjects aged 21-65 years with chronic LBP associated with diagnosed DD were recruited at the Twin Cities Spine Centre. Patients with a minimum of 6 months of LBP, with self-reported pain scores ≥25/ 100 and a score of 4 or 5 for at least one lumbar disc on the Pfirrmann scale [28] were recruited. MRI images were used to determine a subject's suitability for surgery and images were re-evaluated by a blind observer together with the MRIs from the pain-free volunteers. Subjects were included if they belonged to one of three medication regiments: non-steroidal anti-inflammatory drugs (NSAIDs) and opioids, NSAIDs and steroids, opioids and steroids. Analgesic use was not withheld. Discs removed during spinal fusion were collected in the operating room, dissected into NP and AF fragments and flash frozen in liquid nitrogen and stored at −80°C.
Pain-free participants
Healthy male and non-pregnant female volunteers ages 21-65 were recruited by advertisement. Individuals were considered for inclusion if they had no history of chronic pain of any type and no LBP over the last three months. Additional exclusion criteria for pain-free controls were use of prescribed steroids or narcotics for chronic medical conditions, refusal to discontinue anti-inflammatory and analgesic medications for 72 h prior to physical exam and CSF collection, and antidepressant users who had not been on a steady dose for at least 2 months. Painfree controls were divided into two groups at the completion of the study based on lumbar MRI: those with moderate to severe disc degeneration according to MRI (+DD -LBP), and those with little to no disc degeneration (−DD -LBP).
Non-degenerating discs from organ donors
Lumbar spinal columns were removed from organ donors and imaged radiographically and visually for signs of degeneration (i.e. osteophytes, loss of disc height, herniation). Discs were then dissected from the spinal column and tissue samples from NP and AF tissues were taken using a 4 mm tissue biopsy. Only discs lacking signs of degeneration were used.
T2 Lumbar MRI
T2-weighted lumbar MRIs were scored by a radiologist blind to participant status to determine DD severity. Pain-free participants with all lumbar discs scoring ≤3 on the 5-point Pfirrmann Scale [28] were placed in the DD-free, pain-free (−DD, -LBP) group. Briefly, the Pfirrmann Scale uses T2-weighted MRI and consists of grades 1-5. Each grade is characterized by the overall structure and quality of the disc that is being assessed. For example, a grade 1 disc has a bright homogenous NP structure and a clear distinction between the NP and AF, whereas a grade 4 disc lacks a homogenous NP structure and the distinct definition between AF and NP is lost. For a detailed flow chart to determine the grade see Fig. 2 in Pfirrmann et al [28] . Pain-free participants with at least one lumbar disc scoring 4 or 5 were placed in the +DD -LBP group. Chronic LBP patients with at least one disc scoring 4 or 5 were placed in the +DD, +LBP group.
Pain and disability
All subjects were assessed for perceived pain intensity using the short form of the McGill Pain Questionnaire (MPQ) [29, 30] and the visual analogue scale (VAS) within the MPQ. The Oswestry low back disability index (ODI) version 2.0 [31] was used to evaluate how chronic LBP affected subjects' perceived ability to perform daily activities.
CSF collection and storage
Subjects were asked to refrain from strenuous exercise 3 days before the pain assessment and CSF collection. CSF was collected with a 25 gauge Whitacre spinal needle under i.v. sedation with midazolam. The needle was introduced to the spinal canal at L3/4 according to standard practice using surface landmarks and CSF was collected by passive drip until either a) the 20 ml cut-off was reached or b) the CSF stopped flowing freely. At the time of collection, the quality of the tap and the visual appearance of the CSF were recorded (clear, cloudy, yellow or bloody). No traumatic taps were recorded and all but 4 samples were clear. One of the 4 was excluded due to high protein content, the remaining 3 became clear after the initial tap and total protein concentration was in range of their respective experimental groups (2 pain-free with no DD and 1 pain-free with DD). Collected CSF was chilled, centrifuged at 250 G for 10 min to remove any cellular or other contamination, and the supernatant flash frozen in liquid nitrogen and stored at −80°C.
Luminex® Mulitplex assay
The following proteins were measured using a Luminex® multiplex assay according to manufacturer's instructions: Cytokines (Fractalkine, GM-CSF, IL-1β, IL-1ra, IL-4, IL-6, IL-8, IL-10, IL-13, MCP-1, MDC, MIP1a, TNFα), bone markers (OPG (Osteoprotegrin), OPN (Osteopontin) and OC (Osteocalcin)), extracellular matrix proteases (MMP-3 and MMP-9) and TGFβ. Fractalkine, GM-CSF, IL-1β, IL-4, IL-10, IL-13, and MIP-1a were excluded because most samples were below the detection limit of the assay.
Protein extraction from human discs
Frozen disc samples were manually crushed in liquid nitrogen using a mortar and pestle. 200-400 μL of RIPA buffer (50 ml Tris HCl 1 M, 8.79 g NaCl, 2 ml EDTA 0.5 M and 10 ml Triton-X100 diluted in 100 ml with distilled water) containing 1× protease inhibitor (SIGMAFAST, Sigma-Aldrich) was then added to each set of crushed IVDs in 1 ml test tubes. A pestle grinder was next inserted into each tube for additional grinding. To avoid friction-induced warming, grinding was limited to no more than a few minutes per round, with an average of2 0 min of total grinding per disc. Samples were kept on ice throughout the procedure. Tubes were then centrifuged at 8000 G for 15 min at 4°C. The supernatant was recovered, and protein concentration was determined (Bio-Rad DC TM Protein Assay Kit 1, Bio-Rad Laboratories, 500-0111). Samples were frozen at −80 until use.
Human IL-8 ELISA assay
The Human CXCL8/IL-8 Quantikine HS ELISA Kit (R&D Systems) was used as per manufacturers' instructions. All samples were processed in duplicate using a microplate reader (Spectramax M2E, Molecular Devices).
Animal studies
Overview
All experiments were approved by the Animal Care Committee of McGill and University following the guidelines of the Canadian Council of Animal Care. SPARC-null mice were developed on C57BL/6x129SVJ background [32] , backcrossed to C57BL/6 and bred in-house as previously described [26, 27, 33] . C57BL/6 mice (Charles River, bred in house) were used as WT controls. Mice were housed in a temperature-controlled room with a 12-h light/dark cycle, 2-5 per ventilated polycarbonate cage (Allentown), and with corncob bedding (Envigo) and cotton nesting squares. Mice were given ab libitum access to food (Global Soy Protein-Free Extruded Rodent Diet, Irradiated) and water. A cohort of 7-9-month-old male and female SPARC-null and age-matched WT mice were used to quantify CXCL1 (KC) and CXCL5 (LIX) in lumbar intervertebral discs and serum (n = 7-13/group). For all subsequent CXCR1/2 inhibition, behavioral, and histological studies a single cohort of 7-9-month-old male mice consisting of SPARC-null (n = 10/group) and age-matched wild-type mice (n = 4-6/group) were used. A subset (n = 8 SPARC-null/group, 5 wild-type/group) of these were included in the ex vivo cytokine secretion analysis.
The cohort used for CXCR1/2 inhibition, behavioral, disc culture and histological studies shared WT and SPARC-null vehicle controls with another study that is now published [16] . These experiments, testing the effects of two different drugs compared to vehicle, were conducted at the same time, in parallel, to reduce the number of mice required in accordance with the three Rs.
Protein extraction from mouse discs
Spinal columns were harvested intact, flash frozen in conical tubes and stored at −80 until use. After thawing on ice, discs were extracted and manually crushed with liquid nitrogen using a mortar and pestle and resuspended in 400 μl of RIPA buffer (50 ml Tris HCl 1 M, 8.79 g NaCl, 2 ml EDTA 0.5 M and 10 ml Triton-X100 diluted in 100 ml with distilled water) and protease inhibitor (SIGMAFAST) in VWR reinformed 2 mL bead mill tubes containing metallic beads (VWR International). Cryolysis was then performed using a precellys 24 tissue homogenizer (Bertin Instruments) in two rounds of 2 x 20s @ 6500 rpm with 15 s breaking time followed by a 5-min ice bath to prevent overheating. The beads were then magnetically removed, the samples centrifuge at 4°C, 5 min, 13.2 rpm and the supernatant were collected and kept on ice. Samples were re-suspended in a final volume of N300 μl/sample. Protein concentration in the RIPA buffer was quantified using the DC™ protein assay kit (Biorad) and samples were frozen at −80 until use.
Mouse KC and LIX ELISA assay
CXCL1 (KC) and CXCL5 (LIX) ELISA kits (RayBiotech, Cat. #s ELM-KC and ELM-LIX) were used to quantify concentrations in protein extracts from mouse discs and from serum collected from the same mice. ELISAs were performed according to manufactures instructions. All samples were processed in duplicate using a microplate reader (Spectramax M2E, Molecular Devices).
Drug treatment and behavioral testing schedule
Experimenters were blind to treatment group and mice were randomized into equal sized treatment groups. 7-9-month old SPARCnull and WT mice were given i.p. injections of Reparixin (MedChem Express, 20 or 30 mg/kg), a non-competitive allosteric inhibitor of CXCR1 and CXCR2 that prevents downstream signaling [34] , or vehicle (n = 5-6 for WT treatment group, n = 10 per SPARC-null treatment group). Reparixin was dissolved in saline with 5% DMSO and 5% Tween 80; saline with 5% DMSO and 5% Tween 80 was also used as the vehicle. Dosage was based on efficacy of reparixin in a mouse lung-injury model [35] . Behavioral indices of axial discomfort have
Participant Recruitment n=54
Pain-free Controls CSF Collection n=37
Pain-free controls without disc degeneration (-DD -LBP) n=23
Pain-free controls with disc degeneration (+DD -LBP) n=14
Chronic low back pain with disc degeneration (+DD+LBP) n=17
Organ Donor Recruitment n=6
Multiplex cytokine array
ELISA confirmation
Collection of surgicallyremoved degenerating discs n=12
Collection of nondegenerating discs post-mortem n=6
Separation of discs into NP and AF NP=9; AF=12 
Table 1
Characteristics of the patients and pain-free participants in the CSF analysis. been previously reported [26, 27, 36] . In the acute study, mice were randomized into reparixin-or vehicle-treated groups and given a single injection. Grip strength, acetone-evoked behavior and mechanical sensitivity to von Frey filaments were assessed 1, 3, 6 and 24 h after injection. Following a 10-day washout period mice were re-randomized for the chronic study and treated 3 times per week for 8 weeks. Grip strength, acetone-evoked behavior and mechanical sensitivity to von Frey filaments were assessed during weeks 1, 2, 4, 6, and 8 on nontreatment days. Distance travelled in an open field was measured in weeks 3 and 7 on non-treatment days.
Testing was carried out between 08:00-12:00 (with the exception of the 6 h time point in the acute study) in a room dedicated for behavioral analysis with regular indoor lighting. Prior to testing mice were habituated to the testing room for 1 h. Prior to mechanical and cold testing, mice were habituated for a second hour in Plexiglas testing boxes on a metal mesh floor. Mechanical and cold sensitivities and grip strength were assessed on the same day. The order of testing was 1) von Frey, 2) acetone-evoked behavior, 3) 1-h rest in home cage and 4) grip force assay. Open field (chronic treatment only) was assessed during separate weeks from other tests.
Von Frey test for mechanical sensitivity
As previously described, calibrated von Frey filaments (Stoelting Co.) were applied to the plantar surface of the left hind paw to the point of bending until either the mouse withdrew from the stimuli or 5 s [26, 27] . Filament stimuli intensity ranged from 0.6 to 4.0 g, which corresponds to filament numbers 3.84, 4.08, 4.17, 4.31, 5.46. The 50% withdrawal threshold in grams was calculated using the up-down method adapted from Chaplan et al. [37] .
Acetone-evoked behavior test for cold sensitivity
Sensitivity to cold stimuli was used as a measure of radiating leg symptoms; previous studies have reported a consistent increase in cold sensitivity in SPARC-null mice [26, 27] . Acetone was applied to the right hind paw and the total time of evoked behavior (paw lifting, shaking and scratching) was recorded.
Grip force
Axial discomfort was measured with a Grip Strength Meter (Stoelting Co) by allowing the mice to grip a bar with their forepaws and gently stretching them by increasing tension on the tail until the bar is released. The force at the time of release was recorded in grams [26] . Grip strength was measured 2-3 times and then averaged per session. Mice were returned to their home cages for approximately 15 min between each measurement. The device was cleaned between measurements.
Open field
Mice were placed in a 24 × 24 cm Plexiglas enclosure for five minutes under normal lighting. The enclosure was cleaned between each mouse. Mice were video recorded from above and the total distance travelled was analyzed using AnyMaze software as previously described [26] .
Disc height index
At the completion of the 8-week treatment period, lateral in vivo radiographs were taken using a Faxitron MX-20 (Faxitron X-Ray, LLC) on anesthetized mice. Disc height index was calculated using the formula: DHI = ((D2a + D2b + D2c)/3/(V1a + V1b + V1c + V3a + V3b + All values listed as mean ± SEM. V3c)/6)*100 where D represents a disc, V represent the vertebral bodies adjacent to the disc and lower case letters represent the three measurements of the same disc or vertebra [26, 27] .
Immunofluorescent histochemistry
Spinal cords were harvested following euthanasia and post-fixed in 4% paraformaldehyde for 24 h at 4°C, followed by cryoprotection using 30% sucrose solution for 24 h at 4°C. Samples were embedded in blocks of 6-11 spinal cords in optimum cutting temperature medium (OCT, Tissue-Tek). 14 μm cryostat (Leica CM3050S) sections were thaw mounted on gel coated slides and stored at 20°C until use. Three sections per animal were randomly selected spanning the lumbar spinal cord for each antibody. Sections were incubated for 1 h at room temperature in blocking buffer containing 0.3% Triton X-100, 1% bovine albumin, 1% normal donkey serum and 0.1% sodium azide in PBS. Slides were then incubated with either sheep anti-calcitonin gene-related peptide (CGRP) polyclonal antibody (1:1000; Enzo Life Sciences, catalogue# BML-CA11370100, lot# 0807B74), goat anti-glial fibrillary acidic protein (GFAP) polyclonal antibody (1:1000; Sigma-Aldrich, catalogue# SAB2500462, lot# 747852C2G2), or rat monoclonal anti-CD11b antibody (1:1000; BioRad, catalogue# MCA711G, lot# 0614) in blocking buffer overnight at 4°C, washed 3 times for 5 min in PBS and incubated for 1.5 h at room temperature with appropriate donkey-derived secondary antibodies from Jackson Immunoresearch; Donkey anti-sheep Cy3, catalogue #713-165-147; Donkey anti-goat AlexaFlour 594, catalogue #705-85-144; Donkey anti-Rat AlexaFluor 488, catalogue# 712-225-153) in blocking buffer. DAPI (1:50000 in water, Sigma-Aldrich) was briefly applied and slides were washed another 3 times for 5 min. Coverslips were mounted using Aqua Polymount (Polysciences Inc.). Images were taken at 10× magnification using an Olympus BX51microscope equipped with an Olympus DP71 camera (Olympus). Using ImageJ, a region of interest was drawn around the dorsal horn and a threshold was established to differentiate between positive immunoreactivity (ir) and background. The % area of the region of interest at, or above, the threshold was quantified to measure CGRP-ir, GFAP-ir or CD11b-ir. The average % area immunoreactivity across the three sections from each animal was averaged and used as the value for that mouse. Image analysis was performed by an experimenter blind to strain and treatment group.
Ex vivo disc culture and cytokine analysis
Following completion of the chronic drug treatment and behavioral testing, the L1/2, L2/3 and L3/4 discs were excised. Discs were washed once with Phosphate Buffered Solution and twice with Hanks Balanced Salt Solution, both supplemented with 20 U/ml penicillin and 20 μg/ml streptomycin for 5 min per wash. Discs were placed in 24 well plates and cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 1X glutamax and 10 U/ml penicillin and 10 μg/ml streptomycin for 48 h. The media was collected and analyzed using the 62 protein RayBiotech Mouse Cytokine Antibody Array C3 according to the manufacturer's instructions (RayBiotech, Cat. # AAM-CYT-3). Arrays were imaged using an ImageQuant LAS4000 Image Analyzer (GE) and analyzed with ImageQuant TL array analysis software (GE). Data were normalized to either WT vehicle-treated mice or SPARC-null vehicletreated mice to calculate the fold difference of each protein.
Statistical analysis
All data was analyzed using GraphPad Prism version 7 with p ≤ 0.05 being considered statistically different. Data is presented as mean ± SEM. Outliers in the human data set were identified using the Grubbs' test and removed from the analysis. Results from the mouse study were similarly analyzed and no outliers were identified. Data was analyzed as indicated in figure legends.
Results
Stratification of participants by low back pain (LBP) and disc degeneration (DD) severity
Individual participants scheduled for surgery for DD-related chronic LBP formed the +DD, +LBP experimental group. Volunteers without LBP were recruited in parallel. Lumbar T2-MRI scans were obtained from all subjects and scored for DD severity. Subjects without chronic LBP were then stratified into groups with (+DD, -LBP) and without disc degeneration (−DD, -LBP) by the presence of at least one lumbar disc that scored 4 or 5 on the 5-point Pfirrmann scale (Fig. 1) [28] .
The severity of DD was similar between the LBP patients and the pain-free individuals with moderate-severe disc degeneration ( Fig. 2A) and consistent with previous work reporting a high incidence of moderate to severe disc degeneration in individuals without LBP [38] . In contrast, LBP patients had higher levels of self-reported pain intensity using the Visual Analog Scale (VAS, Fig. 2B ) and the McGill Pain Questionnaire (MPQ, Fig. 2C ) and higher levels of disability measured by the Oswestry Disability Index (ODI, Fig. 2D) , when compared to painfree individuals, regardless of disc degeneration status. Thus, the study subjects are divided into three groups based on MRI and questionnaire results: disc degeneration-free, pain-free subjects (−DD -LBP), subjects with disc degeneration but no pain (+DD -LPB), and the surgical subjects with degeneration and pain (+DD + LBP). Descriptive statistics of each group are presented in Table 1 . As expected, the average age of pain-free participants with DD was higher. These three distinct groups enabled the identification factors unique to painful disc degeneration.
Interleukin-8 (IL-8) is upregulated in cerebrospinal fluid (CSF) from chronic LBP patients
Previous studies have reported on CSF composition in subjects with chronic LBP associated with DD or disc herniation [20] [21] [22] [23] [24] . However, because those studies did not include pain-free individuals, it is unclear if any observed changes were due to DD-related inflammation or are specifically associated with pain. We therefore investigated changes in cytokine and chemokine levels in the CSF of +DD + LPB subjects compared to +DD -LBP and -DD -LBP subjects using a Luminex® protein assay approach. Of 19 factors measured, 7 were below the detection threshold of the assay (fractalkine, GM-CSF, IL-1β, IL-4, IL-10, IL-13, and MIP-1α). Of the remaining 12 factors, IL-8 and macrophagederived chemokine (MDC) were significantly increased in the CSF of +DD + LBP subjects compared to -DD -LBP subjects (Fig. 3A) . However, MDC was also upregulated in asymptomatic DD, suggesting a link to disc inflammation, whereas the IL-8 elevation was specific to LBP subjects. We then confirmed elevated levels of IL-8 in the CSF of +DD + LBP subjects compared to pain free subjects by ELISA (Fig. 3B) . These results indicate IL-8 is elevated in the CSF of subjects with elevated pain scores, thus suggesting a role for IL-8 in DD-associated chronic LBP.
Interleukin-8 (IL-8) is elevated in intervertebral discs in individuals with DD and LBP
The elevation of IL-8 in CSF from chronic LBP patients with DD could be from numerous sources, including degenerating intervertebral discs, increased infiltration of factors from blood into the CSF or neuroinflammation. To test the potential involvement of intervertebral discs, we quantified IL-8 levels in the nucleus pulposus (NP, inner part of the disc) and annulus fibrosus (AF, outer part of the disc) of discs surgically removed from +DD + LBP subjects and from discs obtained from human organ donors that lacked signs of degeneration (Table 2) . In cases where multiple discs were surgically removed, IL-8 was measured in each sample and the average per subject was determined. Compared to controls, IL-8 concentrations were elevated in the AF, but not in the NP, of degenerated discs from chronic LBP patients (Fig. 3C) . This indicates that degenerating discs are a potential source of IL-8 found in the CSF.
The murine IL-8 analogue, CXCL5 (LIX), is elevated in intervertebral discs from SPARC-null mice
We have previously reported that mice lacking the sparc gene exhibit progressive, age-related intervertebral disc degeneration and behavioral signs of LBP that are sensitive to analgesic and antiinflammatory treatment [16, 26, 27, 36] . Thus, the SPARC-null mouse was used here as a clinically-relevant model. First, to confirm that IL-8 signaling is similarly altered in degenerating discs from mice as in humans, we measured the mouse functional analogues CXCL1 (KC) and CXCL5 (LIX), which activate the same receptors as IL-8: CXCR1 and 2. CXCL1 and CXCL5 were quantified in lumber discs from 7-9-month-old male and female SPARC-null and WT mice; at this age SPARC-null mice have developed disc degeneration and display behavioral signs of back pain [26] . CXCL5, but not CXCL1, was upregulated in male SPARC-null lumbar discs compared to age-matched WT mice (Fig. 4, A, B) . In contrast, neither CXCL1 nor CXCL5 were different between strains in serum, indicating that the increase in discs is not associated with a systemic difference (Fig. 4, C, D) . Since no changes were observed in female SPARC-null vs. WT mice in this age range (Fig. 4 , E, F), CXCL1 and CXCL5 levels were tested in mice from ages 2-24 months and no differences were uncovered (data not shown). Thus, male SPARC-null mice were selected as a suitable model to investigate the therapeutic potential of CXCR1/2 inhibition in LBP associated DD.
Acute inhibition of CXCR1/2 by Reparixin does not alter behavioral indices of chronic back pain in mice
To examine the potential of targeting the IL-8 signaling pathway as a treatment for chronic DD-associated LBP, we first tested the effects of acute systemic reparixin, a small molecule inhibitor of CXCR1/2, in 7-9-month-old male SPARC-null mice. In SPARC-null mice, cold hypersensitivity in the hind paw is used as an indicator of radiating leg pain and resistance to stretch along the axis of the spine is used as a measure of axial discomfort. Following a single i.p injection of reparixin (30 mg/kg, i.p.) or vehicle, SPARC-null and WT animals were tested 1, 3, 6 and 24 h later for hind paw mechanical and cold sensitivity, and grip strength. As previously reported, at baseline there was no difference in mechanical sensitivity to von Frey filaments (Fig. 5A) , but SPARC-null mice displayed increased cold sensitivity in the acetone test (Fig. 5B ) and decreased grip strength (Fig. 5C ) compared to agematched WT. A single treatment with reparixin had no effects on these behavioral measures.
Chronic inhibition of CXCR1/2 by Reparixin reduces behavioral indices of chronic back pain
We hypothesized that chronic inhibition might be necessary to reduce ongoing disc inflammation and ultimately lead to reduced pain behavior. Following a ten-day washout, mice were treated with reparixin (20 mg/kg, i.p.) or vehicle 3 times/week for 8 weeks and mechanical sensitivity to von Frey filaments, acetone-evoked behavior and grip strength were evaluated on non-treatment days during weeks 1, 2, 4, 6, and 8. While not different at baseline, sensitivity to von Frey filaments was elevated in SPARC-null mice during the experiment and chronic reparixin decreased von Frey sensitivity in SPARC-null mice at week 8 compared to SPARC-null vehicle treated mice (Fig. 6A) . Over the course of 8 weeks CXCR1/2 inhibition led to a progressive trend towards decreased sensitivity to cold in the acetone test that was significantly different from SPARC-null vehicle-treated mice at week 8 (Fig. 6B) . Chronic CXCR1/2 inhibition improved grip strength compared to vehicle-treated SPARC-null mice following 8 weeks of treatment (Fig. 6C) , suggesting a reduction of axial pain. Taken together, these results indicate chronic CXCR1/2 inhibition progressively decreases behavioral signs of chronic back pain in SPARC-null mice and provide proof-of-concept data for targeting this pathway to treat disc degeneration and chronic low back pain.
3.1.7. Chronic Reparixin has no effect on body weight, activity level or disc height in SPARC-null or WT mice Potential adverse effects of reparixin were evaluated by assessing body weight and the distance travelled in an open field. Reparixin treatment had no significant effects on either measure (Fig. 7A, B) , suggesting the changes in pain-like behavior are unlikely to be due to systemic adverse effects. As previously reported, the SPARC-null mice used in this study had narrower L2/3 and L3/4 discs compared to WT; reparixin had no restorative effects on disc height (Fig. 7C) .
Chronic CXCR1/2 inhibition reduced indicators of astrocyte activity
We have previously reported pain-related neuroplastic changes in the dorsal horn of the spinal cord in SPARC-null mice compared to WT as evidenced by increases in immunoreactivity (−ir) for the sensory neuropeptide CGRP, the astrocyte marker GFAP and the microglia marker CD11b [16, 39] . We investigated the effects of 8-weeks of chronic CXCR1/2 inhibition on each of these markers. Similar to previous studies, all three markers were elevated in the lumbar spinal cord dorsal horn in SPARC-null mice compared to WT (Fig. 8) . Chronic CXCR1/2 inhibition had no effect on CGRP-ir (Fig. 8B) or CD11b-ir (Fig. 8D ) but a significant decrease was observed in GFAP-ir in reparixin-treated vs. vehicle-treated SPARC-null mice (Fig. 8C) .
CXCR1/2 inhibition decreases pro-inflammatory cytokine release from degenerating discs
To determine if the therapeutic effects of reparixin could be mediated, in part, by acting on the intervertebral discs to decrease levels of pro-nociceptive factors, cytokine secretion was measured in cultured L1/2, L2/3 and L3/4 discs by protein arrays. As previously reported [16] , discs from SPARC-null mice secrete increased levels of many proinflammatory cytokines including IL-1β, IL-2, CXCL5 (LIX), and CCL2 compared to WT (Fig. 9A, C) . Discs from SPARC-null mice that received chronic reparixin treatment secreted decreased levels of proinflammatory and pro-nociceptive cytokines including IL-1β, IL-2, CXCL1(KC), and CXCL5(LIX) compared to vehicle-treated SPARC-null mice (Fig. 9B, D) . Interestingly, CXCR1/2 inhibition also increased TIMP-1, an inhibitor of proteases implicated in in disc degeneration. These results demonstrate that chronic CXCR1/2 inhibition decreases overall inflammation in degenerating discs and suggest that reparixin can act directly on discs.
Discussion
Despite its enormous cost to individuals and to society, therapeutic options for LBP are limited. This is due, in part, to poor understanding of the relationship between chronic LBP and intervertebral disc degeneration. While some individuals with MRI-identified disc degeneration develop chronic LBP, others do not, suggesting that other factors, undetectable by imaging, are involved. In this study, we used CSF to identify biochemical factors that differentiate between painful and asymptomatic lumbar DD. IL-8 was significantly increased in chronic LBP subjects that report pain and disability compared to human pain-free subjects with or without DD. IL-8 and its mouse homologue, CXCL5 (LIX) were also upregulated in degenerating vs. healthy discs in humans and mice, respectively. We therefore conducted a proof-of-concept study investigating the therapeutic benefit of inhibiting the IL-8 and CXCL5 discs (1st column, A,B) , male serum (2nd column, C,D) or female discs (3rd column, E,F) from SPARC-null and WT mice. No changes were observed in CXCL1 (KC). In contrast, CXCL5 (LIX) was upregulated in male mouse discs. Data is presented as mean ± SEM, n = 5-8, t-tests were used to analyze the data. * = p b 0.05. receptors, CXCR1 and 2, in the SPARC-null mouse model of progressive, disc degeneration-associated chronic back pain [26, 27] . Chronic CXCR1/ 2 inhibition decreased behavioral signs of back pain and reduced disc inflammation following 8 weeks of treatment. These results implicate IL-8 is the pathogenesis of chronic LBP and suggest its receptors as novel therapeutic targets for discogenic low back pain.
Interleukin-8, low back pain and intervertebral disc pathology
Differential expression of CSF proteins could be driven by several potential sources. For example, elevated IL-8 in the CSF could be produced by activity-induced increases in neuroinflammation in dorsal root ganglia, spinal cord or supraspinal structures [40] [41] [42] . Alternatively, the blood-spinal cord barrier can break down following nerve injury [43, 44] , allowing for transport of peripheral cytokines into the CSF. Consistent with this hypothesis, we and others have previously identified markers of nerve-injury in chronic LBP patients with DD [25] . Since the intervertebral discs are adjacent to the CSF, and IL-8 is increased in the annulus fibrosus of degenerating discs from LBP subjects, leakage from painful degenerating discs into the CSF is possible. Alternatively, elevated IL-8 from CSF may diffuse into adjacent degenerating discs, which could account for the higher levels compared to nondegenerating discs.
Previous studies have investigated changes in CSF and intervertebral disc cytokine levels in patients with disc degeneration or disc herniation. In radicular pain patients with disc herniations, Brisby et al. found elevated IL-8 in CSF in a subset of patients and Ahn et al., demonstrated that increased IL-8 mRNA in herniated discs was associated with the emergence of radicular pain evoked by back extension [45] . Comparisons between tissue from degenerating vs herniated discs found IL-8 was higher in DD, leading the authors to suggest that elevated IL-8 might contribute to the more severe pain observed with DD. Most recently, Palada et al., found CSF levels of IL-8 from lumbar disc herniation patients are related to pain intensity and spinal pressure point thresholds [19] . However, these studies were limited by the lack of CSF or discs from participants without pain. Thus, they were unable to dissociate asymptomatic disc pathology from painful DD. The current findings further implicate a role for IL-8 in LBP by demonstrating its elevation in a) CSF of LBP patients vs. pain-free subjects with and without DD and b) in degenerating discs obtained from LBP patients vs. nondegeneration control discs. and 24 h after treatment. Reparixin had no effect on A) mechanical sensitivity measured with von Frey filaments, B) cold sensitivity measured with acetone-evoked behaviors or C) axial discomfort measured by grip strength in neither SPARC-null nor WT mice. Data is presented as mean ± SEM, n = 9-10 per SPARC-null groups, n = 4-6 per WT groups. Data was analyzed by two-way repeated measures ANOVA followed by Tukey's post hoc test. The mechanisms that initiate and perpetuate disc degeneration, namely mechanical strain and sterile inflammation, have both been found to regulate IL-8 in discs. We have previously reported that adverse mechanical strain to human NP and AF cells and acute mechanical injury to ex vivo human discs increases IL-8 secretion [46, 47] . Other reports of elevated IL-8 following sterile inflammation includes TLR2 activation of NP [17] , TNFα treatment of AF cells [48] , IL-1β treatment of NP cells [49] , and TLR2 activation and TNFα and IL-1β treatment of mixed disc cells [50] . Taken together, these previous studies indicate a variety of pathological mechanisms, including adverse mechanical strain and sterile inflammation, may contribute to the elevated IL-8 levels in degenerating discs that were observed here.
While our data suggests IL-8 is involved in chronic LBP, its role in disc degeneration per se is unclear. The classically described role of IL-8 is to induce neutrophil chemotaxis and activation, and to stimulate vascularization. Infiltrating neutrophils have been found in degenerating discs, where they likely contribute to the proinflammatory and catabolic environment [51] . However, in one study exposure of NP cells to IL-8 did not alter expression of genes associated with disc degeneration, including aggrecan, MMP3 or MMP13 [52] . Thus, while DD drives pathways likely to upregulate IL-8, the impact of IL-8 on DD requires further investigation.
Interleukin-8 as a therapeutic target for disc degeneration, inflammation and low back pain
To investigate the role of IL-8 in disc degeneration, disc inflammation and low back pain in vivo we used the SPARC-null mouse model. SPARC-null mice develop progressive, age-dependent disc degeneration that is characterized by a loss of disc height, internal disc disruption and dehydration, and at later stages, disc herniation [26, 33] . Behaviourally, SPARC-null mice exhibit signs of axial low back pain and radiating leg pain [26, 33] ; symptoms which can be attenuated by analgesic drugs, including morphine. Compared to models initiated by acute disc injury, the slow progression in SPARC-null mice more closely models the evolution in humans and is a useful pre-clinical model for long-term studies aimed at attenuating progression of disc degeneration and reducing pain.
In this proof-of-concept study, chronic, but not acute, CXCR1/2 inhibition with reparixin attenuated behavioral signs of axial discomfort and radiating leg pain in SPARC-null mice. The requirement for chronic inhibition is consistent with a disease-modifying mechanism of action, in contrast to a transient inhibitory effect on the sensory nervous system. We therefore examined the impact of chronic reparixin on disc height and cytokine expression. As expected, measurement of disc height by X-ray confirmed previous findings that L2/3 and L3/4 disc height is reduced in SPARC-null mice. The lack of recovery of disc height in the reparixin-treated mice suggests that either recovery of disc height is not necessary for the therapeutic action, the x-ray method used was not sensitive enough to detect changes, or a longer treatment is required. Regardless, the clinical literature suggests disc height is a poor proxy measure for pain intensity [53] .
In addition to disc narrowing and dehydration, SPARC-null discs secrete increased levels of pro-inflammatory cytokines [16] including IL-1β and MCP-1, similar to degenerating human discs [10] . Here we show that long-term reparixin treatment reduces pro-inflammatory cytokine release from SPARC-null degenerating discs, suggesting IL-8 is a regulator of disc inflammation. However, it is currently unclear if this effect is direct or indirect. For example, reparixin could act directly on disc cells to decrease production of pro-inflammatory factors, it could reduce immune cell infiltration into discs or attenuate neurogenic inflammation by inhibiting of sensory neuron activity. Regardless, chronic CXCR1/2 inhibition decreases inflammation of the disc by breaking a pro-inflammatory feed-forward loop. The gradual effect of chronic reparixin on SPARC-null mice might reflect the time required to break the pro-inflammatory cycle.
Interleukin-8: possible actions beyond the intervertebral disc
While the reduction in disc inflammation is consistent with a therapeutic action within intervertebral discs, reparixin may attenuate low back pain-like behaviour through a host of other mechanisms. Murine primary nociceptive neurons and dorsal horn neurons express CXCR2 [54, 55] . CXCR2 signaling on nociceptors leads to increased nociceptor activity through up regulation of the sodium channels Na v 1.1 and Na v 1.7 [56] and through sensitisation of TRPV1 [57] . Therefore, reparixin could act directly on primary nociceptors to decrease pain behavior.
Unlike neurons, murine astrocytes and microglia are not thought to express CXCR1/2 [54, 55] . SPARC-null mice have increased staining for astrocyte and microglia [39] , which we confirm here. Despite not expressing CXCR1 or 2, astrocyte staining decreases following reparixin treatment, whereas microglia are unaffected. This could reflect decreased peripheral nociceptive signaling or a decrease in spinal neuron activity. Immunoactivation of nerve roots, dorsal root ganglia and supraspinal structures have all been associated with chronic LBP in humans and represent potential therapeutic sites of reparixin [40, 41] . Finally, chronic LBP is associated with inflammation in other tissues, Fig. 7 . Effect of chronic inhibition of CXCR1/2 by Reparixin on body weight, activity level or disc height in SPARC-null or WT mice. Mice were treated with Reparixin (20 mg/kg, i.p.) or vehicle 3 times/week for 8 weeks. A) No statistical differences between either strain or treatment were observed in body weight, although the WT mice tended to be heavier than SPARC-null. B) No strain or treatment effects were observed in overall distance travelled in an open field at baseline or on non-treatment days during weeks 3 or 7. C) Following 8 weeks of chronic CXCR1/2 inhibition lumbar spines were imaged with X-ray and disc height index was determined. While L2/3 and L3/4 disc height was reduced in SPARC-null mice compared to WT, reparixin had no effect in either strain. Data is presented as mean ± SEM, n = 9-10 per SPARC-null groups, n = 4-6 per WT groups. Data was analyzed by two-way repeated measures ANOVA with Tukey's post hoc test post-hoc test. * = p b 0.05, ** = p b 0.01. such as the multifidus spinal muscles, which show abnormal inflammatory markers in SPARC-null mice [58] . While the mechanisms of action of reparixin and their relative impact remain to be fully elucidated; it is our hope that this proof-of-concept study serves as a stimulus for additional studies.
Potential limitations and future directions
Chronic pain conditions can affect one sex more than the other and sex-dependent differences in pain mechanisms have been clearly established rodent models [59, 60] . While no sex differences in IL-8 content were observed in human CSF or discs, the sample size may have been too small. In mice, neither of the IL-8 homologues differed between SPARC-null and WT females, but CXCL5 (LIX) expression and release were elevated in male SPARC-null discs. Female SPARC-null mice also develop disc degeneration and behavioral signs of LBP and leg pain [33] , suggesting that there may be multiple mechanisms driving pain-like behaviour between sexes. Since only male mice were used in the chronic CXCR1/2 inhibition study, future studies with female rodents are needed to determine if the results of CXCR1/2 inhibition are generalizable to females.
In this study, we did not examine the expression of the CXCR1/2 receptors in either humans or rodents, nor was IL-8 mRNA measured. It will be important to understand the cellular sources and relative contribution of both the ligands and their receptors in future studies.
This study is limited by the use of a global deletion of the SPARC gene that can alter other tissues. For example, SPARC-null mice have osteopenia, decreased dermal strength and impaired wound healing and early onset cataractogenesis [32, 61] . Interestingly, the SPARC-null mouse model is not associated with knee arthritis and SPARC is increased in arthritic cartilage [62] . This is in contrast to human disc degeneration, where SPARC levels decrease [63] . While we cannot rule out contributions from other tissues, the SPARC-null behavioral phenotype has regional specificity (e.g. increased sensitivity in hindpaw but not in facial area) [26] . Regardless, the contribution of IL-8 should be tested in additional models of disc-related LBP with complementary mechanisms such as the disc puncture models [64, 65] .
Although disc degeneration is age-dependent, the proof-of-concept study was conducted only in middle-aged rodents. At the age used in Fig. 8 . Effect of chronic inhibition of CXCR1/2 by Reparixin on markers of spinal cord plasticity. After 8-weeks of chronic reparixin treatment the dorsal horn of the spinal cord was assessed for pain-related changes. Immunoreactivity (ir) for calcitonin gene-related peptide (CGRP, 1st column, a marker for sensory neurons), glia fibrillary acidic protein (GFAP, 2nd column, an astrocyte marker), and CD11b (3rd column, a microglial marker) were all elevated in vehicle-treated SPARC-null (2nd row) compared to vehicle-treated WT mice. A significant decrease in the % area of the dorsal horn positive for GPAP-ir was observed in reparixin-treated SPARC-null compared to vehicle-treated. No treatment effects were observed in WT mice or in CGRP-ir or CD11b-ir. Data is presented as mean ± SEM, n = 9-10 per SPARC-null groups, n = 4-6 per WT groups. Data was analyzed by one-way ANOVA followed by tukey's post-hoc test. * = p b 0.05, ** = p b 0.01. the study (7-9 months), SPARC-null mice have at least moderate degeneration in multiple lumbar discs but disc rupture is rare. This models a clinical situation where pain and DD are established but most discs are not severely compromised. It will be interesting to explore the role of and therapeutic value of the IL-8 system earlier in disc pathology as a prophylactic tool as well as in larger animals or in naturally occurring models of degeneration.
Conclusions
Here we show that IL-8 is elevated in the CSF of chronic low back pain subjects with disc degeneration compared to subjects without chronic low back pain, regardless of disc degeneration. IL-8 is also increased in degenerating discs obtained from chronic low back pain patients compared to non-degenerating disc tissue. Inhibition of the IL-8 receptor system reduced signs of disc degeneration and chronic back pain in a mouse model. These results suggest that IL-8 may be a key difference between painful and non-painful disc pathology, suggesting this pathway as a therapeutic target to slow the progression of disc degeneration and reduce pain.
Funding sources
The study sponsors(s) had no role in study design, in the collection, analysis or interpretation of data, in the writing of the report or in the decision to submit the paper for publication.
Declaration of interests
None. Fig. 9 . Effect of chronic inhibition of CXCR1/2 by Reparixin on cytokine release from degenerating discs. Following 8 weeks of reparixin treatment, the L1/2, 2/3 and 3/4 discs were excised and cultured for 48 h. Conditioned media was analyzed by protein arrays. A) Secretion of cytokines from SPARC-null discs normalized to WT discs and presented as the log of the folddifference between the two groups. B) Secretion of cytokines from reparixin-treated vs. vehicle-treated SPARC-null discs and presented as the log of the fold-difference between the two groups. Red indicates increased secretion of a factor whereas green indicates a decrease in secretion of a factor. The mean ± SEM fold difference of select cytokines comparing discs from C) vehicle-treated SPARC-null vs. WT and D) reparixin-treated vs. vehicle-treated SPARC-null mice. Note C&D are the fold-change representations of the same data as A&B (log fold-change). n = 8 per SPARC-null groups, n = 5 per WT group. Data was analyzed by one-tail t-tests. * = p b 0.05, ** = p b 0.001.
